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Field of the Invention 



•nxe present invention relates generally to photolithography methods and systems, 
and more specifically to improved techniques for determining focus and exposure 
settings of a photolithographic system. 

BackgroupH of the Invention 

Photolithography or optical lithography systems used in the manufacture of 
integrated circuits have been around for some time. Such systems have proven 
extremely effective in the precise manufacturing and formation of very small details m 
the product. In most photolithography systems, a circuit image is vnitten on a substrate 
by transferring a pattern via a light or radiation beam (e.g.. UV or ultraviolet light). For 
example, ^e lithography system xnay include a light or radiation source that projects a 
circuit image through a reticle and onto a silicon wafer coated with photoresist, x.e.. a 
material sensitive to irradiation. Tl^e exposed photoresist typically forms a pattern that 
after development masks the layers of the wafer during subsequent processing steps, as 
for example deposition and/or etching. 

Two of the most important process parameters for controlling Ae 

phou-lithographicprocessarefocusandexposu^. Focus generally deals with darit, 
withwhichanopticlsnbsystemofa^Uthographysystemrendersanrmageand 

exposnre generaUy deals wi«. the amount or dosage of li^t (or radiafon) tha^ ts us«i 
foL the panem (sUch as the light produced by a Ught source of the Uthography system). 
Both affect the circuit pauem in a non-trivial way. For example, cl^nges m focused 
exposuremaycausecl^gesintheresistprome.i.e...heshapeof,hec„cu..,^^« 

Jphotoresist The resist profile is often described by three parameters relat^^o a 
traJLoidal approximation of the profile: fte linewidth or crrhcal dmrenston (CD) the 
^IwallanglTandthchei^t ,f.heresis.prof.lechangesaretoogreat.*ent,«final 
, :i^tmaynotrunproperlyoritmayno.runatall.By wayofexamplclmewrdth.one 

Z Jdetermines the speed and the timing across fl,e circuit and thus ctarges 
^ may cause one porUon of the circmt to run faster or slower than another pomon 
!rc:^t(therebyreducingthesellingpriceof the Chip Since the circuitiscloCeato 
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the slower portion). As should be appreciated, the quality of the resist profile is directly 
related to the quality of the etched or deposited features formed therethrough. In 
addition, changes to the resist profile may cause open or shorted circuits such that the 
circuit may need to be discarded or reworked. 

Presently, the optimal focus and ejqjosure settings of the lithography system are 
determined using a focus exposure matrix (FEM), i.e., by exposing a wafer with multiple 
combinations of focus and exposure, and then inspecting the resultant pattern for the best 
resist profiles - the resist profiles that more closely match the desired or optimal resist 
profiles. Tlie inspection is generally performed by a CD scanning electron microscope 
(CD-SEM) that measures the CD of the resist profile. The focus-exposure matrix may be 
visualized using a Bossung Plot. The Bossung Plot generally plots CD vs. focus position 
for varying levels of exposure, i.e., the varying levels of exposure are plotted as contour 
lines with linewidth representing the Y axis and focus position representing the X axis of 
the graph. Alternatively, the Bossimg Plot may plot exposure vs. focus for varying values 
of CD, i.e., the values of CD are plotted as contour lines with exposure representing the 
Y axis and focus position representing the X axis of the graph. Other resist profile 
parameters, for example, sidewall angle and height may also be visualized using 
Bossung Plots. These plots are generally harder to obtain since measuring these shapes 
is often a difficult endeavor. In most cases, the wafer has to be destroyed, i.e., cut 
through, so that these parameters can be measured. The process window of the system 
may be determined by plotting multiple resist profile parameters, as for example, 
linewidth, sidewall angle, and height in the same Bossung Plot. The process windov^ is 
generally defined as the region of focus and exposure that keeps the final resist profile 
within prescribed specifications (e.g., process window typically includes the optimtmi 
focus and exposiure). 

Unfortxmately, the method described above has several drawbacks. For one, the 
focus and exposure tests are performed periodically and thus the process may drift out of 
control between tests. An out of control process may lead to wafers that may need to be 
scrapped or reworked thus reducing yield and increasing costs. For example, these tests 
may be performed at 12 hr increments, 1 day, increments, 1 week increments and the like. 
Another drawback is that the lithography system has to stop production in order to 
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perfcnnfte tests. That is. fl.e produCioo run m.st be .topped so 4a, a focus exposure 
Lmk test wafer can be inserted in«> fl.e system. As should be appreciated, stoppmg the 
production run reduces the throughput of «re Uthography system thereby increasmg cycle 
time and cost. 

Attempts to r^edy these drawbacks have included using a CD-SEM to measure 
.he CD of apattem during aproducUonmn, and thenlceepingthe CD withmp^s^^ed 
3pecincationsusinge.posuredoseasaman.ulated.^b^^^^^^ 
Although the focus may have a significant effect on CD. .t ts assumed m 
focus is constant and therefore does no. effect the CD. Unforhutately. ^^^^ 
focus of the photolithographic system may (and often does) drift over Unre makmg the 
Tslption !f constant focus Mse. Accordingly, this method may nor be very accurate 
^ee two variables (focus and exposure) may affect the CD raster than onc^ 
Purthermore. i. should be noted that it is generally not poss.b^ to — 

, ^pulate two variables simultaneously (e.g.. both focus and ^P^^^^^^ 

.hatasmglemeasuremcnttype.CD.istheoriyavailabletes.,hatmayberouhnely 

\. f,osEM is typically only capable of measuring CD (e.g.. unless usmg 

:::Tr<^:ri:rermeLformoni.oringf.usisgeneric.lybasedonthe 

phenomenon of line end shortening. 

h> view of the foregoing, improved techniques for detemnning focus and 
exposu^settingsofaphotoiitbographicsystemaredesi^d. -^^'^^ 

Z allow the system quick feedback by measurmg or monitormg producUon wa^ or 
r.rLJprocessdri«smay be substantially eUminatedwithouthavmgto stop 

25 production. 
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Summary of the Invention 

The invention relates, in one embodiment, to a method for detemiining process 
parameter settings of a photolithographic system. The method includes 
5 correlating the values of a first set of one or more shape parameters with the values of a 
first set of one or more process parameters to produce dependencies. The method also 
includes determining the values of a second set of one or more shape parameters 
associated with one or more structures. The method further includes determining the 
values of a second set of one or more process parameters associated with forming the one 
10 or more structures by comparing the second set of one or more shape parameters with tlie 
correlated dependencies. 

The invention relates, in another embodiment, to a method for determining the 
optimal processing conditions for a lithographic system. The method includes measuring 
15 scatterometry measurement sites on a focus exposure matrix wafer using a scatterometry 
system. The method also includes interpreting Ihe scatterometry measurements into 
shape parameter information associated with the scatterometry measurement sites. The 
method further includes deterniining focus exposure dependencies of shape parameters 
using the shape information. 

20 

The invention relates, in another embodiment, to a method of focus exposure 
monitoring of a lithographic system. The method includes measuring scatterometry 
measurement sites on a product or test wafer using a scatterometry system. The method 
also includes interpreting the scatterometry measurements into shape parameter 
25 information associated with the scatterometry measurement sites. The method further 
includes determining the focus and exposure values used to process the test or product 
wafer by matching the shape parameter information with focxis exposure dependencies. 
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The present invention is illustrated by way of example, and not by way of 
limitation. 

Fig. 1 isaflowdiagramofprocesspaxameterestimating^accordan^^ 
embodiment of the present invention. 

Fig. 2 is a method for determining optimal processing conditions, in accordance 
10 with one embodiment of the present invention. 

Fig. 3 is a method for determining dependences of shape parameters, in 
accordance with one embodiment of the present invention. 

Fig. 4 is a flow diagram of focus exposure monitoring, in accordance with one 
embodiment of the present invention. 

Fig. 5 is a simplified diagram of a line space grating, in accordance with one 
embodiment of the present invention. 

Fig.6isasimplified diagram ofagridspace grating, in accordance with one 
embodiment of the present invention. 

Fig. 7 is a Bossung Plot of MidCD Cmewidth at 50% of profile height), in 
25 accordance wdth one embodiment of the invention. 

Plot of nrofile height, in accordance wilh another embodiment 
Fig. 8 is a Bossung Plot ot pronie ncigiu, 

of the invention. 

Figs: 9a and 9b arc Bc.->ng Hots of sidewaU angle, in accordance ano«.« 
embodiment of the invention. 
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Figs. 10a and 10b are overlapped Bossung Plots, in accordance with another 
embodiment of the invention. 



Fig. 11 is an example of an overlapped Bossung Plot, in accordance with one 
5 embodiment of the present invention. 

Fig, 12 is an example of an overlapped Bosstmg Plot, in accordance with one 
embodiment of the present invention. 

10 Fig. 13 is a schematic presentation of a method of monitoring focus and 

exposure, in accordance with one embodiment of tlie present invention. 

Fig. 14 is a simplified top view diagram of a scatterometry target that may be 
used to determine the optical aberrations of a lithographic system, in accordance with 
15 one embodiment of the present invention- 
Fig. 15 is a simplified top view of a scatterometry target that may be used to 
determine the process parameters or optical aberrations of a lithographic system, in 
accordance with one embodiment of the present invention. 

20 

Fig. 16 is a simplified top view of a scatterometry target that may be used to 
determine tlie process parameters or optical aberrations of a lithographic system, in 
accordance with one embodiment of the present invention. 

25 Fig. 17 is a simplified top view of a scatterometry target that may be used to 

determine the process parameters or optical aberrations of a lithographic system, in 
accordance with one embodiment of the present invention. 
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l>,.to;i»^ n..sf riptioii of tlie Invention 
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15 



20 
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n,e invention generally pertains a meftod for detennimng focus and/or exposure 
settings of a photoUfl-ographic system (e.g., stepper or scanner). One aspect of fl« 
inventionrelatestodeterminingfocusand/orexposuresimultaneously. Anotherasp^ 
„f,heinventionrela.es.ousingmoreti^oneshapeparame.er.csolvcforfocusand 

exposure. Anofl>er aspect of .he invention relates to using shape information dertved 
aomscat.erometry.odeterminebestfocusand/orexposure.™sisge„eralIy 

accomplished by measuring and analyzing f6cus-exposure matrix wafer (or wafers). In 
some cases, a single target type is used, and in other cases, multiple targe. Wes are used. 
Anoflter aspect of ti-e invention relates to using shape infonnation dertved ftom 
scatteromctry to determine the stepper or scanner focus and/or exposure «r nomm^y 
p^lssedlers. In some cases. ti.s is accomplished with a single target type, and m 
other cases, this is accomplished witit multiple targettypes. 

Embodime«softhemventionarediscussedbclowwifl.referencetoFigs. 1-17. 

However. fl>os. sldlled in tire art wttl readily appreciate that ti>e detailed descn^^ 
he;in witi. respect to ti,ese figures is for explanatory purposes as ti>e mvention 

extends beyond these limited embodiments. 

Fig , is a flow diagram of process parameter estimating ,0. m accordance vd* 

.• P«K»ss parameter estimating 10 IS generaUy 

onecmbodhnentofthepresentmvention. „Mch were used to form a 

configured to estimate or predict process parameter settings, wtad. wer _ 
panel on a substiate during a lithographic process (e.g.. photoUtitographrc)^ Proems 
pattern on ^ :>uv^o nrncessine conditions of the 

parameters generaUy refer to "-"^ "'""^'^'^\^„„„.Mvial way. 

Utiro^phy system. Process parameters 

By way of example, process parameters may correspond ^^^J^ J 

thickness, develop time and temperature, post ^^^ "^^^-^^^ 

requirements. Process parameter estmiating 10 may be smtabl 
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photolithography processes, as for example, photolithographic processes pertaining to 
semiconductor manufacturing, optical device manufacturing, micro-mechanical device 
manufacturing, magnetic recording data storage manufacturing and the like. Although 
process parameter estimating 10 may be used in any of the above processes, the 
5 invention described herein is directed at semiconductor manufacturing for ease of 
discussion. 

Process parameter estimating 10 generally begins at block 12 where calibration 
data is produced by correlating one or more shape parameters with one or more process 

10 parameters. The shape parameters are generally associated with the shape of a structure 
disposed on a wafer (e.g., a target structure or some portion of a device structure). The 
structure may be in the form of a grating that is typically periodic. The grating may be 
periodic in one direction (X or Y) , as for example a line space grating, or it may be 
periodic in two directions (X and Y), as for example a grid space grating. The shape 

15 parameters may include line width (width at a specific height), side wall angle, height, 
pitch, top-profile (degree of top roimding or T topping), bottom profile (footing) and the 
like. The shape parameters may also include 3 dimensional shape iitformation of 
structures that are periodic in both X and Y directions (as in grid space gratings). The 
lithography process parameters, on the other hand, are generally associated with the 

20 stepper or scanner pai'ameters used to form the structure on the wafer. By way of 
example, the process parameters may correspond to focus, exposure and the like. 

By correlating, it is generally meant that a relationship is made between the one 
or more shape parameters and the one or more process parameters. The relationship may 

25 be in the form of dependencies. As should be appreciated, the shape parameters are 

typically dependent on the process parameters used to form them and thus changes in the 
process parameters generally cause changes in the shape parameters. For example, 
changes in focus may cause changes in line width. The changes may be characterized 
over a wide range of values thereby forming dependencies that describe the impact of 

30 these parameters on each other (e.g., variables or numbers that are contingent on other 
variables). The dependencies may be widely varied. However, in most cases, the 
dependencies are often described using equations or graphical plots, as for example 
Bossung Plots (see Figs. 7-12). 
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h one embodiment. <he dependencies include one or more shape parameters as a 
ftncdon of one or more process parameters {e.g.. process paranreters are dependent on 
Shape parameters). For example, dre dependencies may include a single shape pararrreter 
as a toction of a single process parameter (e.g.. width as a SmCion of focus) a smgle 
shape parameter as a fimctionofmore than one process parameter (e.g..he,ght as a 

Junction of focus and expos»re).aplurality of shapeparametersasafuncUonofasmgle 

process parameter (e.g.,.heigh. and widflr as a function of focus) or apluraltty of shape, 
parameters as a iimction of a plurality of process parameter (e.g.. height as a^^^^ 
focus and exposure, wall angle as a function of focus and exposure and wrdth as a 
function of focus and exposure). In one particular implementation, the dependences 
include more dun one shape parameter as a function of both focus and exposure For 
:lple. line widthasaflmdonoffocus and exposure(e.g..CP/(F.E))he.^asa 

ZIn of focus and exposure (e.g.. Ht/(F,E)) and wall angle as a ^^"" "^^ 
, «:WAr(FE)) It should be noted that these examples are not a Imntauon 
:rr:C— vvaryaccordhrgtothespeci^cneedsofthesystem. For 

example, other shape parameters may be used. 

In another embodime,*. the dependencies include one or more process 
, parametersasafunctionofoneormoreshapeparameters. For example, the 

parameter (e g., focus as a *m of width and height), a plurality 

more than one shape parameter (e.g.. focus as a tunc 

i exposure as a f„eus as a function of width and height, and 

"P'-^*^ "^^^"^ ^'"7'":^^*- irlir These dependencies may beproduced 

-"""^ftllrl! — ofoneormoreprocess 

bv deriving one or more shape parameters as a runcv 

i^J(asdiscussedabove,andthenconver.h.g,hesefuncho^.fo^^^^ 

.ter«,asafunctionofoneormoreshapeparameters. Thxsmay 

LrpLcul.imp.emcntation.thedepend.ciesinc,.^^^^^^^^ 
toctionofmorethanoneshapeparameter. For example, focus as a fun 
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and line width (e.g., F/(Ht, CD)), and exposure as a function of height and line width 
(e g-. E g (Ht, CD)). With regards to Bossung Plots, inversions may change the graphs 
so that instead of having curves of constant exposure, the graphs have curves of constant 
shape parameters (e.g., line width). It should be noted that these examples are not a 
limitation and that the dependencies may vary according to the specific needs of the 
system. For example, other shape parameters may be used. 

The calibration data (e.g., dependencies) may be produced using a variety of 
techniques. For example, the calibration data may be produced using lithographic 
simulation methods or lithograpliic measurement methods. Lithographic simulation 
methods generally produce calibration data by performing calculations to obtain the 
predicted profile as a fimction of lithographic process parameters. The theoretical 
profiles may then be translated into shape parameters that approximate the profile. Thus 
the dependencies of the shape parameters on the process parameters may be obtained. In 
most cases, the lithography and resist processing simulations are calibrated such that the 
calculated profile accurately corresponds to the measured profile obtained on a real 
wafer. One example of a lithography simulation program that can be used to calculate 
the resist profiles for varying lithography parameters and resist process conditions is 
PROLITH manufactured by KLA-Tencor of San Jose, CA. 

The lithographic measurement methods, on the other hand, generally produce 
calibration data by printing a plxorality of structures on one or more test wafers using 
various process parameters, determining the shape parameters associated with each of the 
structures, and correlating the shape parameters with the various process parameters (so 
as to form dependencies). As already mentioned, the shape parameters are typically 
dependent on the process parameters and thus changes in the process parameters 
generally cause changes in the shape parameters. For instance, a first process parameter 
value may produce a first shape parameter value and a second process parameter value 
may produce a second shape parameter value (multiple daita points at multiple levels). 
These changes may be characterized over a wide range of values thereby forming 
equations or graphical plots that describe ttie impact of these parameters on each other. 
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To elaborate, printing is generally accomplished in a layer of i*otofesist by 
p^jecdngUghtorradiationthxcughapanemofatestreticle. The secures are 
Llally printed across the entire test wafer using a dilleren. combination of process 
paramel^Cte^matrix). That i. each .truces may be printed with different proems 
parameter levels For example, the s.ruc«»es may be printed widr varymg levels of 

and focus - for diffe«n. exposure fields across the wafer, vary focus m one 
Zc.ion=mdexposurein«.eo«.erdlrec.ionsoastoproduceama.xofdt^rentv^^^ 

of exposure and focus across the wafer (e.g., focus-exposure test .^^ "^ 

„ultipletestwafers.thesameordifferenttestredcleso.aybeused. Tl.e d^erentte^ 

reticlL may have patterns with different dimensions so as to produce a wrder range of 
testdat. Asshouldbeappreciated,aiffer«tdimensionsmayproduced.ff«^ 
,„s and thus different shape parameters for the same pKK:essmg condtttons. 
t^configuraaon may be widely varied. For example, the pa«cm configu^on n«.y 
L^^e^.oproduceagratingstrucn.re. T,re method of de—g1hes^ 
"altlmay lobewidely varied. Forexamp.e,.heshapepar^e.e.^«^P™^ 

. J • r-r^ QPA/f <;catterometry and other relatea 
sttuct»resmaybedetemm.edusmgCD-SEM,scatteromtry 

technioues. Scatterometry is generaUy preferred since scatterometry can be used to 

^^mmtlpleshapeparametersattbesametime. For example, sea— 

" ents Ly contain information about linewidth (CD), height, s.de wall an^e 
, rd^e(CD.SEM.ypi«alyonlymeasuresCI».Seatterometrytechm<.uesw.Ube 

described in greater detail below. 

one embodiment, the dependencies produced in block 12 are .rsed to de^e 

tbebJ rocessparametersettiugsfordrivingtheprocess. inessen^.^^^^^^ 

,«i,i^Ti ^xn^l be Droerammed into the Uthograpny 

. :^"^™l^:J,^p.,theb.stprocesspa«^^^ 

::::ire:::r:::::B:Lg%io.scseeFigsio.i3, over.^^^ 

^:iyreduceserrorsfound..chin^idt..^^^^^ 

problems with multiple solutions for a partrcul^ pro^ss P ^ 
30 i.^own.therearctypicanytwoso.u.ionsf.foc.^^^^^^^^^^^ 

width defined at a given height). For example, ^xpo--^ „y ^ 
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set of shape parameters. As should be appreciated, the points where the different contour 
lines intersect represent points of best focus and exposure. The best exposure and focus 
may be determined by following the contour lines representing the desired values of the 
shape parameters (e.g., Ime width = 120 nm, height ^ 280 nm). Hie best e3q)osure and 
focus may also be determined using an error minimization method for a wider range of 
desired values of shape parameters (e.g., all values within 5 % of the desired value). 

Following block 12, the process flow proceeds to block 14 where test data is 
produced by determining the values of one or more shape parameters associated with one 
or more printed structures. The temi printed structures generally refers to stmctures that 
are printed on a wafer (e.g., a target structure or some portion of a device structure). The 
printed structures may be printed in a variety of different wafer layers. In most cases, 
however, the printed structures are printed in a layer of photoresist using standard 
photolithograghic processes (e.g., projecting a circuit image through a reticle and onto a 
silicon wafer coated with photoresist). The wafer may be a test wafer with layers of 
materials that coixespond to the materials typically present on product wafers at that step 
in the test process. The wafer may be a product wafer that has the potential to produce 
working devices. The wafer may be a simple test wafer lased for testing the lithography 
system. The process parameters used to form the printed structures are generally 
configured to keep the shape parameters within desired specifications. The printed 
stmctures may be printed on a test wafer as a part of a test procedure or they may be 
printed on a production wafer during production: In production, the printed structures 
are typically printed in the scribeline between device structures (e.g., dies that define the 
IC) disposed on a production wafer. During tests, the printed structures may be printed 
across the entire test wafer. 

The printed stmctures may be widely varied (e.g., the printed structures generally 
vary according to the methods used to determine the values of one or more shape 
parameteris). For example, the printed stmctures may take the form of a grating 
stracture, as for example a line space grating or a grid space grating. Similar to above, 
the shape parameters may include line width (width at a specific height), side wall angle, 
height, pitch, top-profile (degree of top rounding or T topping), bottom profile (footing) 
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and th= lite. Tb. number of printed swcu.es may also be widely varied. Wl«a usirrg 
milltiple i«nted sttuetures, each may have the same or different patterns. 

In most cases, the shape parameters that are determined in block 14 conrespoud to 
the same shape paramet^s that were calibrated in block 12. For example, if line w.dth 
and height v,ere calibrated in block 12. then line ™d.h and height are detenmned m 
blockU. Itshouldbenoted,however,thatthisisnotalimitationandthatmore 
parameters maybe calibrated in the calibration mode than detennined in the test mode. 
For example, a large database or library of a large number of shape parame^ as a 
action of one or more process par— may be obtained in the caUbra^on mode, 
while only a smaU number of the shape parameter may be determined in the test mode. 

The test datamay be produced usingavariety of technique. In mos.cases.te 
^^dataisp^ducedbymeasuringthe printed strucuareswid^ameasurement system and 

> rnver«ngLmeasurementsin«,shapeparameterva.ues.Anysui.ablemea^ 
Ihnique may be used so Ion. as the measurements obtained are capable of bemg 
iTeL into shape information, i.e.. the raw measured data is converted mto shape 
Z Bywayof example. CD.SEM.scattero»etry. atomic force microscopy, cross 
^oris^techniquesandthelikemaybeuse. In a preferred embodm>^t.d« 
,„ shapeparame^oftheprinteds-ructuresaremeasuredviascatterometrysmce^ 

caLometry is capable of «eas»ing multiple shape parameters such as hne wdth. waU 
S and h^ght (CD-SEM typically only measures Une width) a. the same «ne. 

e.scatterome.rymaybeusedin.lineonprod„ctionwafers,huseh— 

ITneed to stop production, mt is. metrology t«>ls based on scatterome^y may be 
. Itope^olfocusan^o e^.— ^^^^^^ 
focus/exposure process control and to reduce me leq 
test wafers. 

Soatterometry is a measurement technique that is capable of c^^S^ 

IT,*. «flttem is tvoically m the form ot giating 
,„ «ultip.eshapepar=m.e.«o^pa^P^-'^^^^^ 

^ such as a per.«hc ^^^^^ ^ ^ ^ „d. reflected 

radiadon beams are made mcdent on the gratmg 

and/or diffiacted beams emanating ftom the gratmg structure are me 
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light may be directed toward the pattern normally or at some angle to the normal. The 
light emanating from the grating structure is typically scattered, reflected and/or 
diffracted at various orders, i.e., angles relative to the incident light. The characteristics 
of the scattered, reflected and/or diffracted light (e.g., intensity, phase, polarization, and 
the like) at the various orders is measured thereby fomiing a measurement signal or 
measured spectra. The characteristics of the scattered, reflected and/or diffracted light 
generally reveal information about the shape of the grating structure. That is, the 
scattered, reflected and/or diffracted light typically changes in accordance with the shape 
of the structures and thus the scattered, reflected and/or diflfr-acted light may be used to 
determine the shape parameters of the structures, i.e., there is a unique relationship 
between the measured spectra and the profile of the grating structure. 

The shape parameters are generally extracted from the measured spectra by 
comparing the measured spectra to a library containing up to hundreds of thousands of 
spectra that has been calibrated to himdreds of thousands of profiles. The objective is 
to find a profile whose calibrated spectra matches the measured spectra. Each profile is 
defined by shape parameters and thus the shape parameters are known once the profile is 
foimd Thelibrary may be produced using actual measurements (calculated reference 
spectra) or simulation techniques (simulated reference spectra). 

Changing to shape information rather than leaving as data in the form of spectra 
has several advantages. For one, when scatterometry spectra are analyzed to produce 
shape information, other process variations (such as thickness variation in underlying 
layers) are separated from the lithography process information. Such process variation is 
common in production wafers. In contrast, direct use of spectra works best on well 
controlled test wafers where there is little variation of the material thickness and 
properties and little corresponding contribution to variatioii in the spectra. 

Although, the method described herein does not directly compare spectra (e.g., it 
compares shape information rather than spectra), it should be noted that this is not a 
limitation and that the spectra may be compared. 
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The scatterometry technique used to measure the grating structure (e.g.. periodic) 
may be vrfdely varied. For example, reflectometry, spectroscopic empsometry. 
multiwavelengtb reflectometry, polarized spectroscopic reflectometry. multtangle 
multiwavelength reflectometry or angle resolved scatterometry may be used. Further. 

the measurement may be performed in a fixed angle spectroscopic ellipsometry mode, m 
an angle scanning single or multiple wvelengUr mode, or in a multiple angle multiple 
^elengthmode. Tta. is. the beam(s) may be brought in at a single or multiple angles 
and they may be brought in at a smgle wavelength or at multiple wavelengths. In 
addition, the beams may be detected a. a single angle or multiple angles and they may be 
detected a. single or multiple wavelengths. Furthermore, the mtensity. polarization 
and/or optical phase of fte beams may be measured at different angle, and/or dtiferent 
wavelengths. 

With regards «>scatterome,ry.some people in the artbeUeve that the wavelength 
^e containing usetUl shape information is limited to a ma^um wavele-^ "fabou. 
65 percent of the size of .he feature in interest It should be noted, however, that fl« 

information may also be contained in wavelengd>s larger than 65 percent otthe 
feaLemin^rest. lterefo-e.m one embodiment wavelengths of greater than 65 
percent of the feature si» in mtcrest a« used during scatierometry measurements. In 
„ :lerembodimen..v.ave,eng«.,ha.aree,ualtothefeaturesizem^^^ 
during scatterometry meas»rem«*s. In another embodmrent. wavelengti. that a« 

tium the feat^e size hr interest are used during scatterometry measurern^ 
Tavelength that are greater thanftature size are generaUy easier to unplementthantf 

na^^^^allerthanthefeaturesize). In one particular embodiment the wavelen^ 
„ r.rolomnforfeatinesizesof50.250mn. « should I« noted. however. t^^tsrs 
rtalimitationand.hat*ewavelengU.s^dfeaturesize.may varyaccoramgtothe 

specific needs of each device. 

By way of example, scatterometry tectaiques ti>at may be us«. -^^j" 
., 1 1 S Patent Application No. 09/036,557, titled METHOD 

30 greater detail m a pendmg U.S. Patent Appu 

L) APPARATUS OF SPECTROSCOPIC SCATTCROMETERFOR^AND 
^p^E MEASUREMENT OF PERIODIC STRUCTURES AND PROOFS 
™rmedonMarch6.,998. and which ishereinincorporatedby reference. 
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Scatterometry measurements (e.g., block 12 or block 14) may be performed using 
SpectiaCD™manufacturedbyKLA-Tencorof San Jose, CA. The SpectraCD or 
equivalents thereof may be integrated with a lithography cell to obtain information on the 
process that can enable better process control and higher device profit margin than is 
possible with currently available metrology. Determining optimum focus/exposure 
settings from analysis of scatterometry measurements on focus/exposure test wafers may 
be implemented with ProData ™ and Process Window Monitoring (P WM ™) 
litliography process analysis systems manufactured by KLA-Tencor of San Jose, CA. 
Extracting profile information from measured scatterometry spectra may be performed 
by comparing the measured scatterometry spectra with libraries generated with 
Specti-aLG ™ library generaition system manufactured by KLA-Tencor of San Jose, CA. 
These and other details of scatterometry are described in greater detail in "Spectroscopic 
CD Metrology for Sub-lOOimi Lithography Process Control" to Mieher et al., which is 
herein incorporated by reference. 

Following block 14, the process flow proceeds to block 16 where the values of 
one or more process parameters associated with forming the printed structures are 
determined by comparing the test data with the calibration data. In the simplest terms, 
the determined values of the shape pai ameters in block 14 are compared with the 
calibrated values of the shape parameters in block 12 so as to determine the values of the 
process parameters for the determined values. That is, the shape parameter values of 
block 14 are matched to similar shape parameter values of block 12 and the 
corresponding process parameters that produced those shape parameters in block 12 are 
chosen as the process parameters that formed the shape parameters in block 14. In more 
complex terms, conversion calculations or graphical comparisons using the functions 
obtained in the calibration mode and the measturements obtained in the test mode are 
performed. 

In one implementation, for example, the process parameters used in block 14 may 
be determined by plugging the values of the shape parameters determined in block 14 
into an equation representative of the functions determined in block 12. For example, 
the determined values of line width and height of the mesisured grating structure may be 
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i^edinto «.e&nctioaF/(CD3)«> produce a"measur=d» focus value rep«sen«i« 
of the actual focus value used to produce the grating structure. Alternatively or 
additionally, the detennined values otline width and height of the „>ca3ured grattng 
s.nrc««maybelnser.edin.othefuncfionE/(CDJ«).o produce a-measured 

, exposure value representative of the acUM exposure value used to produce the gratmg 
structure. In another implementation, the process parameters used in block 14 may be 
detennined by referringto graphical plots repn=senta.ive of the functions. For «.ample. 
overlapping Bossung Plots may show the value of the process parame.er(s) at the 
intersection of the line contours corresponding to th. shape parameter(s) va^ue 

„ determined in block 14. That is. the point of intersection be^veen CD and Ht atthe 
determined values may show the values of focus and/or exposure. i.e.. the curves wdl 
cross a. one height and one CD thus yielding one answer for focus ^^>^-^- 
AdditionaUy or alternatively, tire measured focus and exposure could be amved 
interpolating between neighboring inter^ons of the different contours (..g.. CD and 

15 Ht contours)- 

Although the method describedhereinCwithregards to using scane^^^ 

.ot di^ectly co.pa.e spect.(e.g., itco.pa.es shape -^^^^^^^ 
shouldbenotedthatthisisnotalimtationandthatthespectramaybecompared. Usxng 

should be notett tn „,efetred since it has several advantages over 

on <,haT5e information, however, IS generaUy preferred since IX n 

20 snapeinioiiim , ar«» analvzed to produce shape 

For examole when scatterometry spectra are anaiyzeaiop 

:frr ol: lIs — CsuchastMcknessv 
iTparat^ftom the, ithography process informaUor. ^-h pr„ce« v^on .s 
rrTonirrproductionwafers. Incon^st. direct use of spectra works best on well 
,3 ^ILtLwafcrswherethereisUttievariationofthemateHalthrcknessand 
ZperUes arrd Utae corresponding contribution «> variation in the specr. 

^erb,ockl6.postestima«ngs«psmaybeperformed. 
^edorpredictedvaluesoftheprocessparamete^determmed^^^^^^^ 
30 usedtocontrolsubse^uentproc^ssingtokeeptheprocess^asn^ 

embodiment, the de.ermi.ed values of the process ^'^^^^^^^^ 

withthe optima, values foundirtblockiatoproduceap^ce^p^e^ ^^ 

Tie correction may be used to help comrol the bthographrc process (by 
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process parameters). These corrections may be produced in a die to die mode, a wafer to 
wafer mode, other feed back control system and the like. 

In accordance with one embodiment of the invention, the method described 
5 above is used to determine the focus and exposure settings of a photolithographic system 
(e.g., stepper or scanner). The general concept of this embodiment is to (1) determine 
the focus-exposure dependence of one or more shape parameters (e.g., line width, 
sidewall angle, height), (2) determine the numerical value of one or more of these shape 
parameters for a structure printed on a test or production wafer, and (3) compare the 

10 determined numerical value of the shape parameters to the previously determined focus- 
exposure dependence to detemiine the focus and /or exposure conditions that were used 
to pattern the structure printed on the wafer. With regards to the first element (1), the 
focus exposure dependencies of shape parameters of the shape parameters may be 
detemiined empirically by measurements (e.g., scatterometry) obtained firom a focus 

15 exposure matrix and/or from modeled focus-exposure processes using simulation 

software (such as PROLITH manufactured by BCLA-Tencor of San Jose, CA). With 
regards to the first and second elements (1) (2), the dependencies, as well as the 
numerical value of one or more of these shape parameters for a structure disposed on a 
wafer may be determined using scatterometry techniques. 

20 

The method may be used to monitor the focus and exposure of production wafers 
processed nominally at standard focus and exposure settings. The method may also be 
used to monitor focus and exposure of production wafers processed with the majority of 
the fields processed nominally at a standard focus and exposure setting with a minority 
25 of focus indicator fields processed at pre-determined focus offsets. 

In accordance with another embodiment of the invention, the method described 
above is configured to simultaneously solve for multiple process parameters using 
multiple shape parameters. This is generally accomplished in block 16 using a plurality 
30 of dependencies determined in block 12 and a plmrality of shape parameters detemiined 
in block 14. As should be appreciated, determining a plurality of shape parameters in 
block 14 provides more than one input and may allow for a solution for more than one 
process parameter, i.e., in order to solve for more than one process variable, it is 
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geo^^nynecessa^to have more *an one data input. The nwnber of shape parameters 
is generaUy greater than or e,uai to the number or process parameters. In some cases^^ 
L me J Lnflgured to simultaneously solve for f.s. and second process param^ 
1^ first and second shape parameters (e.g.. solving for two unlorowns variables usmg 
twoLwninputs). ™s generaUy provides a uni,ue soluUon for the first an ^e^^^^^ 
process parameters. In o*er oases, the method is configured U. stmultarteously solve for 
and second process parameters using more than ^vo shape parame^. ^for 

exampleflrst.secondandtirirdshapeparameters. In the case of more than tvostape 

^:^Le^optimalsoluUonmaybecaIcu,a.ea. ^» ^ '"^^^^ 
Snowns,.elilce,yhoodthattheso,utionisperfectisIo«.I.ea.s,uar. 

is onepossibleerrorminimi^tion method thatmayt^usedto calculate the opuma. 
..utiolweightingfactorsmaybeassi^edto.edifferents^ep— ^ 

calculate the optimal solution. The weighting factors may mclude the sensttiv^V o 
^paramL.o.heshapeparameter,theuncer.aintyoftheshapeparameter.^^ 



15 like. 
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25 



Simultaneous solutions using multiple shape parameters generally overcome 
problemsasso^edwith^l^ameterde^^..^^^^^^^ 

:::Lsformultipleso.u.i<«sforfocus.even.,hee.po^^^ 
lately. Simultaneous so.«ions also remove the deg^a^b^™^ 

^ encountered when solving for focus andA» 
oneparameterCditferentshapep^ametersmay^h^ed^ 
exposure). Using caUbration curves determmed from many fo P 
ILurements averages out measurement errors, stepper errors, and the hKe. 

.eneparticu,arimplementationof.sembod.e^— 

---r::r:rrrrer r^ivLtwo^^^^ 

Focus and Exposure, yuu IX „i^re«; of information can be 

• ^ rinn For a single measurement site, the different pieces ot uuo 
information, torasmgicui HTorSWA. For example, 

different, substantially orthogonal shape parameters bke CD, HT 
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simultaneously solving for linewidth and sidewall angle, or simultaneously solving for 
linewidth, sidewall angle and height. In one embodiment, the unique solutions are 
visuaUzed using Bossung plots. For example, the unique solutions may be demonstrated 
by the intersections of curves of constant line width and curves of constant line height at 
only one point oif focus and exposure as shown in Figs. lOA and lOB. This 
implementation will be described in greater detail below. In another embodiment, the 
unique solutions are characterized by equations. Examples of equations modeled after 
the above mentioned method will now be described: 

Sum Square Error = [SP,(PP,,PP2) - SPi n,,^,,^f + [SP2(PPi,PP2) - SP2 „,easured]', 

where 

SPi(PPi,PP2) is a first shape parameter SPi as a ftmction of first and second 
process parameters PPi and PP2 as determined in the calibration mode, 

SPi measuied is the first shape parameter measured in the test mode, 

SP2(PPi J*P2) is a second shape parameter SP2as a function of first and second 
process parameters PPi and PP2, and 

SP2 measured is the second shape parameter measiired in the test mode. 

Using this equation various values of the first and second process parameters are 
supplied to the functions mitil a minimum error is produced (e.g., closest to zero). The 
values that produce tlie minimum en-or correspond to the values PPi measured and PP2 
measured, vvhcrc PPi measured is cqual to the valuc of the first process parameter that produced 
the printed pattern and PP2 measured is equal to the value of the second process parameter 
that produced the printed pattern. By way of example, the shape parameters tnay 
correspond to Imewidths (CD), line height, wall angle, and the like, and the process 
parameters may correspond to focus, exposure and the like. 

In addition, a matrix inversion calculation may be performed using the functions 
obtained in the calibration mode. The matrix inversion calculation generally inverts the 
functions obtained in calibration mode so as to produce different functions. For 
example, the shape parameters as a function of process parameters may be inverted to 
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produce process parameters as a function of shape parameters. A simpUfied example of a 

matrix inversion is shown below: 



SPi(PPi,PP2) 

5 

SP2(PPl,PP2) 
SP3(PPl,PP2) 

10 where 



PPl(SPl, SP2, SP3) 

PP2(SPi, SP2, SP3) 



SPj = a first shape parameter 

=a second shape parameter 
SP3 = a third shape parameter 
j5 PPi = a first process parameter 

PP2 = a second parameter. 

Using the inverted ecjiations the measured shape parameters SP, SP2 
SP, \^ofthe printed pattern obtained in the test mode are supplied to the . 
„^,SP3»^ofth p P „„^pp,^ise,ualto,he 
20 inverted Sanctions to produce PPi.^u^ianarran^^ 

value of the first process pararneter that produced the printed pattern and PPa^^ts 

e,ual to the value of the second process parameter that produced the pruned panen. By 
:a,ofe.amp,e..heshapeparamete.ma.c„..espondtoline,.d.hs(CD>^^^^^ 

wl angle, pitch and the hke. and tt« process parameters may correspond to focus. 

25 exposure and the like. 

Afier determming PP. and PPa PP— Vf^^'m be 
compared «. PP. <^ and PP. ^ to form corrections for ad,«s«ng 
p^eters to keep the shape parameters within desired ^P^"^^;"*^ 
30 valuesaretypicaUydeterminedinblockU. By way of example, a s.mphficd 

comparison equation is shown below: 



PPl optimal - PPl measured = A PPl conection 
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In an alternate embodiment, the measured values of the shape parameters may be 
compared to the optimal values of the shape parameters. The difference between these 
two values may be used along with the inverted equation mentioned above to form 
corrections for the respective process parameters. 

(SPi, SP2, SP3) optimal "~ (SPi, SP2, SP3) measured ~ A (SPi, SP2, SP3) correction 

PP,(SP,, SP2, SP3)correction = A PP, 

correction 

PPzCSP,, SP2, SPa) 

correction APP2 correction 

Fig. 2 is a method for determining optimal processing conditions 100, in 
accordance with one embodiment of the present invention. The method generally begins 
at block 102 where scatterometiy measurement sites on a focus exposure matrix wafer 
(or wafers) are measured with a scatterometry system. The scatterometry measurement 
sites are typically printed in a layer of photoresist on the focus exposure matrix wafer via 
a lithography system. The scatterometry measurement sites may be any periodic 
stiTicture, as for example, one dimensional periodic structures situated in X or Y (such as 
line space gratings), or two dimensional periodic structures situated in X and Y (such as 
grid space gratings). The scatterometry measm*ement sites may be dedicated targets 
disposed around the device structures or they may a portion of the device structure (e.g., 
a periodic portion). As should be appreciated, using a portion of the device structure 
may be more difficult, but it tends to be more accurate since it is a portion of the device 
structure. Either way, the scatterometry measumient sites may be formed using a 
product mask or a test mask. 

The scatterometry measurement sites are generally located across the focus 
exposure matrix wafer. In fact, there is generally one or more scatterometry 
measurement sites per field. The number of fields within each wafer may be widely 
varied. However, there is typically two or more fields per wafer. Each field is typically 
formed using a different combination of focus and exposure (or may be focus or : 
exposure only). For example, a first field may be produced using a first combination. 
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^ a second field may be produced using a second co„,bination that is different *an 4c 
^ combination. Tte multiple combinations can be produced using varying focus and 
varying ccposure. varying foe. - constant exposure, constant focus - varying exposu,^ 
and the like. In most cases, the scatt^ometry measurement sites have an ide„t,ca^^ 
, pattemsothatthedifTerentcombinationsmaybeproperlycharac^rized. Itshouldbe 

noted, however, that different focus exposure matrices may have different patterns. For 
example, afirs, test matrix may beperformedusingafirstgratingtype and a second test 
matril may be performedusingasecond grating t,pc*a.i=aifi^-t than thcfirst 

grating type. 

The scattemmetry system is configured to form measured spectra for each 
^metry measurement site. The measured spectra generally includes i^ens..y 

"larization, phase and wavelength infonnation associated with each stte. As should be 
:^iated,Lmeasuredspec.ratypic=l,y varies withthevaryingf^cus^dexpc^^ 

e^Litions used at each site. That is, the different focus and exposure condr^ons form 
^erentsitepromesanddifferentsitepromesscatter,reflectanddiff.act.hehgh.^^ 

^nerometrymeasurementindiff^ways. T„e scaUerometry system may b^wdely 

varied. For example, reflectometry, spectroscopic eUipsometry. mulUwavelength 
.eflectometryorangleresolvedscatterometryandtheUlcemaybeused. Furt^em^re 

*e scatterometiy system may be a too, that stands separate ftom d» process u,ol or tt 
maybelinkedCintemalorextemal-wahsomemechanismforamomatedwafer 

Idling) ^vith the process tool. That is. the tool may be offline, inline or partrally mhr« 
widt the process tool. By partially, it is meant that a portion of the tool is mhne whde 
another portion may be offline. 

After block 102. *e process flow proceeds to block 104 v*ere the scatterometry 
da.a(eg measure spectra) is interpreted into shape parameter information. TMsmaybe 
, alm^^^insLativeregressiontechni^uesand/orbylibrarym^hhtg^^ 
^eh Jthose previously described, i... match the measure, spectra wrtir hbrartes that 
li,*p,ofUes with spectra. In the technique generaUyde^ribed as iterative regressron. 
one or more simulated spectra are compared to a measured spectrum creating a 
difference of error signal, ti^en another simulated spectrum is calculated and compared to 
Ure measured spectrunr. This proce^ is repeated (Uerated) until the error rs r«luced 



20 



25 
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(regressed) to the specified value. One common method of iterative regression is non- 
linear regression. As can be appreciated different iterative regression algorithms that are 
familiar to those skilled in the art may be applied to the problem of interpreting measured 
scatterometry spectra through comparison v^th simulated spectra based on model 
profiles of scatterometry measurement targets. Block 102 may be performed by a 
computer system that may or may not reside in the scatterometry tool. The analysis 
performed by the computer system may be configured to produce results in real time 
(within 0 to 10 second of measurement), i.e., as each site is tested, or it may be delayed. 

After block 104, the process flow proceeds to block 106 where focus exposure 
dependencies of shape parameters are determined. This is generally accomplished by by 
matching the different focus-exposure combinations used to form the measurement sites 
witli the appropriate profiles of the measured spectra. By appropriate, it is meant that the 
profiles and focus-exposure combinations come firom the same measurement sites. As 
should be appreciated, the profiles contain a plurality of different shape parameters and 
thus the different focus exposure combinations may also be matched to the different 
shape parameters ofthe corresponding profile. The matched data (e.g., multiple data 
points) may be used to form focus exposure dependencies on shape parameters. The 
focus exposure dependencies on shape parameters may be take the form of graphical 
plots or equations. Also, focus exposure dependencies on shape parameters may take the 
form of learned relationships such as those generated by artificial intelligence, neural 
networks and the like. 



By way of example, the graphical plots may be Bossung Plots that plot individual 
shape parameters vs. focus position for varying levels of exposure dose, i.e., the varying 
levels of exposure are plotted as contour lines with the shape parameter representing the 
Y axis and focus position representing the X axis ofthe graph. Alternatively, the 
Bossung Plot may be inverted such that it plots exposure vs. focus for varying values of 
an individual shape parameter, i.e., the values ofthe shape parameter are plotted as 
contour lines with exposure representing the Y axis and focus position representing the X 
axis ofthe graph. As should be appreciated, each plot may represent a different 
equation. The Bossung plots may be overlapped to form a process window. The 
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overlapped bossuhg plots may be ftom flie .ame grating type or they tnay be from 
different grating types. 

After bloek 106. the process flow proceeds to block 108 where the optimum 
5 focusandexposureoftheUthographysystemisdetermined. Ms is generally 

accomplished by choosing a desired value of one or more shape parameters, t.e.. th.^e 
*a. is desired to be printed on the wafer, and matching H u> the dependences soas find 
the optimum focus and exposure for the desired value of the shape parameter. The 
optimum focus exposure conditions be used to control t^ H«.ogtaphrc p^ee. 
.„ Multiple shape parameters may be used simultaneously to find a um,ue soluUon or^ 
formlprocesswindowthatkeepstheshapeparameterswithindes^toleranees. An 

optimal solution may be found in ti.e process window via error — 
eLnple multiple shape parameters are plotted on the same Bossung Plot to find the 
example, niui ^ t- t- ^ftv,^Hp<iiredshane parameter contom 

optimum focus and exposure, i.e., the mtersection of the desured shape p 

15 lines. 

Fie 3 isamethodfordetemnmngdependencesof shapeparameters 120, in 
accordant with one embodiment of the pr«ent Invention. The method generally be^ 
atblocumwherearesistprocessmodelisobtained. The resist process mode^ ts used 
.„ withti.elithographysimulationprogramtocalculatesimulatedre.stpmm.^^^^ 

determinedtobesubstantiallyaccuratebycomparisontomeasuredr^tstprofUes. Tl.e 
resistprocessmodelisconflguredtorelateorintegratcresistinfomnationabouta ^ 

particl process. For example, it may relate resist preparation, resist thicknes^^ 
Lsitivity to immulination, resist development, and resist flaermal processes, and the 



25 like. 



30 



Following bloek 122, the process flow proceeds to block 124 where Utho^tac 
simulation methods are used to detemune F/E dependence of shape parameters. Thts « 
generally accomplished by translating the simulated resist profiles into approxm>a.e 
profiles described by the shape parameters that are used in seatterometry analysts 
systems. 
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Fig. 4 is a flow diagram of focus exposure monitoringlSO, in accordance with 
one embodiment of the present invention. The method generally begins at block 1 52 
where scatterometry measurement sites on a wafer are measured with a scatterometry 
system. The scatterometry measurement sites and scatterometry system generally 
5 correspond to the scatterometry sites and scatterometry system described in Fig. 2. The 
difference is that the measurement sites are on a production wafer or a test wafer not a 
focus exposure matrix wafer. That is, the production and test wafers are being processed 
at nominal focus and exposure conditions rather tlian varying combinations thereof For 
example, the optimal focus and exposure condition found in block 108 of Fig. 2 may be 

10 used as the nominal focus and exposure conditions. The number of measurement sites 
may also differ. The number of sites per field is generally smaller on production wafers 
since the real estate on production wafers is so valuable. Also, fewer measurements are 
made on a product wafer than on a focus exposure matrix wafer due to time constramts 
in production. In one embodiment, a single site is measured per field. In another 

15 embodiment, multiple sites are measured per field. As should be appreciated, 

scatterometry is one of the few types of metrology that has true in-situ potential for 
controlling focus and or exposure during a production run, i.e., it is suitable for die to 
die, wafer to wafer, run to run monitoring (and the like). 

20 After block 152, the process flow proceeds to block 1 54 where the scatterometry 

data obtained in block 152 is interpreted into shape parameter information. This may be 
accomplished in the same manner as block 104 in Fig. 2. As should be appreciated, even 
though scatterometry may be performed on one site, multiple shape parameters may be 
determined, i.e., scatterometry allows one measurement to produce multiple data inputs- 

25 For example, two or more shape parameters may be determined at one measuremeiit site. 

After block 154, the process flow proceeds to block 156 where the shape 
parameter information determined in block 154 is matched with focus exposure 
dependencies of shape parameters to determine focus-exposure conditions used to 
30 process the measured wafer. The shape information may be from a single measurement 
site or fi-om multiple measurement sites. As should be appreciated, with two of these 
variables you are able to solve for two vmknowns - focus and exposure. The matching 
may performed using graphical plots or equations. In one embodiment, inverted plots or 
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inver^d =c^ation are «sed. For exa„*le. an inverted Bcsnng Plo, having Exposure vs. 
F„<^ for constant shape paxan-ete^ is nsed. to order to solve for both focus and 

ensure, two or more plots n«y be overlapped, to addition, inverted e,uat,o„s su h as 
^irafin-etionofUne^idthandheightorExposureasafunCionofhetghtand 

sidewaU angle may be used. 

Afterblockl56,theprocessflowprooe«dstoblockl58where.hefocus- 

exposure correction rec,uired to opting H^ograpMc process is ^^J^^ 
glerallv accomplished by comparing the focus and exposure val««.obtan«dm..e 
previous block v«th the focus and exposure values that werenomtnaUy set 
correctionmay include information corresponding to the diff^ce be^,^^ 

.^easured"value(blockl54)andthenominallysetvalues. For example, the 
:i:ysetexposuredo..asa...d,Hemeasuredexposu.do.W^^^^ 

27 then the difference of 5 may be used to correct flte process, ..e., to get the exposure 
i do^«> produce the correct shape parameters during subsequent runs. 

Afterblockl58,ftepnKessflowproce«istoblockl60where,hecorrecte^^ 
focus-cxposure informa.onisinputtedin«,theU,ho^hy system. Tl^ecorr^ed^^^^^ 
exposJinformationmaybeinputtedmanu^dlybyanoperatoror— ^y^*^ 
,„ syLn. tomostcase^thecorrectionsarcfedintoaprogramorcomputerthat^yzes 

Id decides What actual ccrrecHon to make. . For example the decision may be to not 
Itacorrectionbecauseitstoosmall. to addition, thete may be other mformatton 
fiom other processes that may alter the overall correction. 

toaccordance^ithone embodiment, resistless (ae differenceber^een^ 

original resist «nckness or the sickness of large unpattemed resist a«a (> about 20 um 
s,uare)and.hegratingheigh.)canalsobeusedasaparameterinfocusexposure 

llyi Meas^emertof resistfihnthickness afterthcr^istdevelop process and dt^ 

^Ition of the relative resist loss for the gratings can parUally compensate for res st 
3, :!:!:anddevelopmentprocessvariations*atcanmakeinterpretationofres..hetght 

difficult Theresistthicknessmeasurementcanbedone infl>esame se,raence of 
measurements as the scatterometry grating measurements. 
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In accordance with another embodiment, the multiple shape parameters found in 
any of the above methods may be shape parameters from two or more different type of 
scatterometry measurement sites mcluding sites that differ in shape Gine, contact, square 
or rectangular Hue segments), differ in pitch, differ in feature width or size but 
substantially equal in pitch, differ in mask construction (binary mask features vs. phase 
shift mask features), differ in position (placed at different locations on the mask), or 
differ m grating orientation (X, Y, X and Y). As should be appreciated, different shapes 
and pitches exhibit different response to focus errors, and therefore it may be 
advantageous to measvire distinct scatterometry measurement sites having different 
characteristics. An example of solving for focus and exposure using linewidths (critical 
dimension or MCD) measured for two different line grating targets is given in Fig. 11. 
An example of solving for focus and ejqjosure using MCD data from one line grating 
target and sidewall angle and resist loss measured for a line grating target with different 
pitch is given in Fig. 12. 

In accordance with another embodunent, the shape information from multiple 
measurement sites in a stepper exposure field can also be analyzed to determine the 
imperfections or optical aberrations of the stepper lens system. This information can be 
used to adjust or repair the stepper lens system, to choose optimum stepper operating 
parameters to minimize the negative impact of optical aberrations, or to monitor the 
stability of the stepper lens system. 

Fig. 5 is a simplified diagram of a line space grating 200, in accordance with one 
embodiment of the present invention. The Ime space grating is generally provided to 
improve the focus and/or exposure control of subsequent lithographic patterning and to 
determine whether the quaUty of the photolithographic pattern meets specified 
requirements. The line space grating may be used in any of the methods described 
herein. For example, the line space grating may be printed on a focus exposure test 
matrix wafer (block 12 in Fig. 1), a test wafer or a production wafer (block 14 in Fig. 1). 
The focus exposure matrix wafer as well as the test wafer are generally used for testing 
the lithography equipment rather than for generating a product. Any number of line 
space gratings maybe positioned on the wafers. Generally speaking, about 1 to about 10 
gratings per field may be used on production wafers while up to lOOO's of gratings per 
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field may be uscdoufocusexposurema^x wafer aBdtest^afers. The liBe space 

„ay be pattered using suitable pho.cU.hographic ,e M n>os, eases. 
Lune space gra.ingisprintedinalayerofpbotcresis.usingas.epperors^« 
Urography systen. As should be apprecia^d liue space ^.ngs such as «.ese are . 
especially u^M when using scatterometry measurement tectauques. 

Asshown.,he.inespacegraang200isformedbyaplurali.yofspaoedapar. 
paraUel lines 202. Each of .he parallel lines is defined by several shape parameters, -fte 
CZ-eters may be related to the cross secUonal shape of the line as for exarnple. 
ZTdth. height, and wall an..e or they may be related to a relationshrp be«^ Un». 
" lelpl^pitch. Heightisthetermusedtodescribetbelengthomeh^^^^ 

bo«om to its top. Line width (CD) U the term used to descrtbe the wtdfl, of the lu»^l^ 
I width may be taken any where along the heigh, of *e line, for example, the bo«on^^ 
IdTe or top or anywhe. therebetween (width is generally along the dunenston par^lel 
, rrJlanaperendiculartotheline-htthesamedirectionthatde^e^^^^ 
pitchorperiod). One may also use the linewidth measured a. 2 or more drfferen. hetghts 
Clemeasur^entshapeparameters.l,.ewa.,angleis.he.ermuse<lto 
:el,.ebe.wce.the,ine.ssidewauandthehne.sbase. Pitch,ontheo.«^^.^^ 

^usedtodcscribethedistancebetweenlines. ^-^'^"^^'^^Z^^ 
or edges o(*e lines. Although, only these shape p^ameters are shown. shotdd be 
notedd.attheseshapcparametersareno.aUmi.adon. As should be apprec^ted. the 
^^LeshowninFigSisbaseonatrapezoidalmodel. In pracUce. «.e profile may no. be 

a .rapezoid. i. may in fac. be widely varied «.ereftom. For — - " -T^^^"; 
,^al.oge.herdifferentthanatrapezoidoritmaybeavariationofthe.rap^.d(.. 

, ^beroLdeda..he.pcomersoratthebottomcomers.itmayhavebo™lor^^ 
si<L.ls,andth.li,.).T.esesp.ameters(e.g..d.eradiusofcurvat.e„f.he^^^^ 
eome.)maya.sobeusedasshapeparamete.s. .^e shapes may also be dc.„W m 
terms of shapes calculated using lidrographic process simulanon software such as 

Lm KLA-Tencor or other software capable of simulath.g the resrst profile. 

n,e line space grating may be modified form a grid space grating with spacing 
and shape parameters h> both X and Y dim««ions (XY plane is defined as d.e plane 
Tarallel to L wafer or substrate surface). By way of example. Fig. 6 ts a sm.pUfied 
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diagram of a grid space grating 210, in accordance with one embodiment of the present 
invention. As shown, the grid space grating includes a plurality of spaced apart elements 
212. Each of these elements is defined by several shape parameters. The shape 
parameters of a grid space grating may be related to height, CD (which is sunilar to 
linewidth), wall angle, Y-pitch, X-pitch and XY cross sectional area. Although, only 
these shape parameters are shown, it should be noted that these shape parameters are not 
a limitation. For example, although a cylindrical or truncated profile is shown in Fig. 5, 
other profiles such as rectangular, square, triangular, oval, hexagonal, truncated cone, 
cross, "L"-shape, rounded rectangle and the like (any arbitrary shape) may be used. 
Furthermore, although a symmetrical pattern is shown (the pitch is equal in the X and Y 
directions), it should be noted that asymmetrical patterns may be used. For example, the 
pitch may not be equal in the X and Y directions (e.g., longer in X, shorter in Y, etc.). 
Moreover, although the pattern is shown in consecutive linear colmnns and rows, it 
should be noted that this is not a limitation and that diagonal rows and columns may also 
be used (or any combmation thereof). For example, the pattern may take the form of a 
hexagonal array. Other examples of patterns fliat may be measured with scatterometry 
include segmented lines (rectangular arrays of nominally rectangular line segments) or 
off-set or staggered "brick-wall" patterns familiar to those skilled in the art 

Fig.' 7 is a Bossung Plot 220, in accordance with one embodiment of the 
invention. The Bossung Plot illustrates curves of the focus exposure dependence of line 
width at 50% of height for a line space grating designed for 150 nm line width and 750 
nm pitch. Each curve represents the focus dependence of line width for a constant 
exposure. The different curves are for exposure ranging fi-om 22 to 32 exposure units in 
increments of 0.5. By way of example, the Bossung plot may be generated from data 
produced by a focus exposure test matrix using scatterometry techniques. 

Fig. 8 is a Bossung Plot 230, in accordance with another embodiment of the 
invention. The Bossung Plot illustrates curves of the focus exposure dependence of 
height for a line space grating designed for 1 50 nm line width and 750 nm pitch. Each 
curve represents the focus dependence of height for a constant exposure. The different 
curves are for exposure ranging from 22 to 32 exposure units in increments of 0.5. By 
way of example, the Bossung plot may be generated from data produced by a focus 
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^ test n^trix using soane« tec». linev^d* data points^ Fig. 6 
aJdtheheight datapoi.-. in Fig. 7 may be detained from the same or dtfferent 
:lo„eS measntementts) (e.g.. same measurement site ot different measu«ment 

sites). 

Figs 9aand9bareBossungPlots240and250respeotively.inaceotdancevrith 
another embodiment of the invendon. Forreasonsof elari^.Fig. 8bsho.s a subset of 
::ls expost^e range ofFig. S. l.eB„ss^gP.o.siUus.ra.eurv.oft,.eo^ 

exposure dependence of sidewall angle for a iine space grating destgned for 150 mn Ime 
:land7:0mnpi.c.Bachcurverepresentstbefo^dep.d.m«o™.^^^ 

constant exposure. The different curves are for exposure rangmg from 22 to 32 
Itl^incLentsofCS. By way of example, d^eBossung plot may be ge„«a^^«> 

data t^duced by a focus exposure test matrix using soatterometry techmques. TTie 
nrCintsinFig.6.thebeightda.apointsinFig,.and,.e.de^ang.e 

aata points in Fig. S may be determined from the same or different sca«erometry 
measuremenKs) (e.g.. same measurement site or different measurement sttes). 

Figs. lOa and 10b are overlapped Bossung Plots 260 and 270 respe^ivdy. in 
accordance with another embodiment of the invention. For reasons of clanty.F* 10a 
accoradiioc vv j:„t?;ct 10b The overlapped Bossung 

shoves an example of a subset of the data contamed m F.g. 10b. Tbco PP 
Zs are inverted and include a first Bossung Plot 262 and a second bossung plot 264. 
rwaTofexample..hefnstbossungp.otmaybe.heinver.edversi»of«.b„s^ung 

pLshov^inFig. 7 andthe se»nd bossung plot may be the inverted verstono^^e 
L^gplot shown inFig. S. The overlapped Bossung plots iUustrate contours of 
!^i:tLheight265andlinewidth263at50«/..ineheightfora,inespaceg«^ 

designed for 150 mn line width and 750 m„ pitch. Each curve repre^n. e,th«^ 
U^^dth or height, in Fig. 9a. the different curves of linewidth are 
L 123 nm. and 126 mn, ..specavely. and the different curves of he.gh. are for hetgh« 
^4 nm. 290 mn. and 296 mn. rcspecUvely. As shown in both figures, a pa. of spe^ fic 
, c^l2ofUrh.ightand.h«widthin.ersec.atonlyonefoous-exposureco— ^ 

aemonstrating a unique simultaneous soluUon for both focus and -P"-^^- 
example, referring to Fig. 9a. if the hne widfl. was determme to ^J^^ ^^'^ 
height was determine «, be 284 mn (as for example to block 14 of F.g. 1). then the 
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exposure would be approximately equal to 26 units and the focus would be 
approximately equal to 0.2 um. 

Fig. 11 is an example of an overlapped Bossung Plot 280, in accordance with one 
embodiment of the present invention. The overlapped bossimg plot is configured to 
demonstrate a unique solution for focus and exposure determined from middle CD 
measurements on two different line grating types (e.g., two different scatterometry 
measurement sites). In this example, the different gratings had different pitches, aroimd 
1:5 line to space ratio (labeled ISO_MCD) and around 1:1.6 line to space ratio (labeled 
dns_MCD). The overlap region contains the solution for the focus and exposure required 
to produce the liiiewidths (critical dimension, MCD) measured independently for the 
different grating types. 

Fig. 12 is an example of an overlapped Bossimg Plot 290, in accordance with one 
embodiment of the present mvention. The overlapped bossvmg plot is configured to 
demonstrate a unique solution for focus and exposure determined from middle CD 
measurements on a first line grating type and side wall angle (SWA) and resist loss (RL) 
measurement on a different line grating with a different pitch.. In this example, the 
different gratings had different pitches, around 1 :5 line to space ratio (labeled 
ISO_MCD) and around 1 :1.6 line to space ratio (labeled dns_SWA, dns_RL). The 
solution is graphically shown as the intersection or enclosed region indictaed by the 
sign. The sign schematically indicates the solution for the focus and exposure 
required to produce the shape parameters (critical dimension, MCD, sidewall angle, 
resist loss) measm-ed independently for the different grating types. 

Fig. 13 is a schematic presentation of a method of monitoring focus and exposure 
300, in accordance with one embodiment of the present invention. The method 300 
generally begms at step 302 where a first wafer is processed with varying levels of focus 
and exposure. The processing generally includes of printing a plurality of scatterometry 
measurement sites in a layer of photoresist with a lithography system (e.g., on a focus 
exposure test matrix wafer). Following step 302, the process flow proceeds to step 304 
where scatterometry measurements are performed on the scatterometry measurement 
sites (e.g., periodic structures such as line space or grid space gratings). This is generally 
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accomp&hed with a scalterometry measurement tool such as those based on 
^scopioemp«,me.ryorspec.roscopioreflec.«. The scatterometry 
measureme»ts are geaeraUy in tt>e form of measured spectr. FoUowmg step 304 the 
p^ss flow proceeds to step 306 where Are measured spectra is converted mto shape 
parameters. For example, firs, and second shape parameters may be found for a gtven 
Icatterorr^try measurement site proiUe (e.g.. trapezoid). Following step 306. d,e process 
flow proceeds to step 308 where focus exposure dependencies of shape parameters 

^ fired. For eKample. dependencies such as a first shape parameter as a fimonon of 
focus and exposu„. as well as a second shape parameter as . fimction of fc^ and 
exposure may be fonned. TTae method continues in a separate process flow 310 that 
generaUy occurs after steps 302-308. The separate process flow may occur durmg a 
production run. 

The separate process flow 310 generally begins wifl. step 312 wh«e a second 
> waferisprocessedwithnominalfocusandexposurelevels. The nominal focus and 
exposure values generally correspond to whats believed to be fte best focus and 
exposure. The processing generally includes printing a plurality of scatterometry 
measurement siu=s in a layer of photoresist wi4 a Uthography system (e*. on a 
producdon wafer). The Uthography system may be the same system used m step 302. 
,0 Followingstep312..heprocessflowproceedstos.ep314wherescat,e,ometry 

measurementsareperformedonthesca«erome.rymeasuremen.sites(e.g..penodtc 

structures such as line space or grid space gratings). T«s is generaUy accomplrshed wrth 
a .catterometry measurement tool as ,hose based on specttoscopic 
The scaaerometry tool may be the same scatterometry tool used to step 304. Th« 
« scatterometry measurements are generaUy in the fonn of measured spectra FoUowmg 
^314.the process flow proceeds to step316wherethemeasuredspectrarsconver^ 

i„„ Shape parame^. For example, first and second shape parameters may be found for 
a given scatte^metry measur^nent site profile (e.g.. trapezoid) or they may be found for 
a pluraBty of scatterometry measurement site profiles. 

'° FoUowingstep316.theprocessflowproceedstostep318where,heshape 
parameters found in step 316 are compared widr the dependencies found in step 308 
Ms generally results in a measured value for focus and exposure. The measured values 
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generally correspond to the actual values for focus and exposure of the lithography 
system although nominal values were set. As should be appreciated, focus and exposure 
settings may fluctuate or change over the course of a production run, from run to run, or 
the life of the lithography tool. Following step 318, the process flow proceeds to step 
320 where the measured focus and exposure values found in step 318 are compared with 
the nominal focus and exposure values used in step 312. This typically results in a 
correction factor for both focus and exposure. Following step 320, the process flow 
proceeds to step 322 where the nominal focus and exposure values are corrected using 
the correction factor determined in step 320. The second process flow 310 may be 
performed continuously or incrementally over a production run to ensuie that the profiles 
of the integrated circuits printed thereon meet specified requirements. The first process 
flow, steps 302-308, may be performed incrementally as needed to ensure that the 
dependencies are accurate. 



The advantages of the invention are numerous. Different embodiments or 
implementations may have one or more of the following advantages. One advantage of 
the invention is that it may provide a unique determination of focus and/or ejcposure. 
Another advantage of the invention is that it allows for simultaneous solution of focus 
and exposure. Another advantage of the invention is that it uses shape information 
derived from scatterometiy to determine best focus and/or exposure and to determine the 
stepper or scanner focus and/or exposure on nominally processed wafers. Another 
advantage of the invention is that the scatterometry techniques may use wavelengths 
longer than feature size (it has been found that wavelengths smaller than featiire size are 
difBcult to obtain when the feature size is less than 250 nm). Another advantage of the 
invention is that it allows for a unique determination of focus and exposure from 
scatterometiy shape information. Anotiier advantage of the invention is tiiat it uses more 
of the available shape information to obtain a better determination of focus and/or 
exposure. Another advantage of flie invention is that it allows for more complex grating 
targets than lines and spaces. Another advantage of the invention is tiiat it not afifected 
by image tiireshold settings as in CD-SEM. Anotiier advantage of tiie invention is that it 
is more precise tiian optical imaging measurements of line end shortening, and is capable 
of compensating for changes in the underlying film fliickness. 
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Furthermote, in contrast to the present invention, CD-SEM and line end 
shortening methods cannot be performed with scatteromehry, nor can they obtain good 
ouaBtjr shape information outside of the XY plane. For example, they cannot obtam 
^ information on grating target elements in the Z direction normal to the wafer 
; srttfece Line end shortening methods for focus exposure monitoring do not 

simultaneously provide line width or other critical dimendon mfonnation, thus requnmg 
another set of measurements to determine these. 

While this invention has been described in terms of several preferred 
„ embodiments, there are alterations, pennutations. and equivalent., which fall within th« 
scope of this invention. For example, although MidCD or middle CD. whrch .s the wtd* 
a, 50% of the profUe height, is mentioned above, it should be noted fl«t the width a. any 
height can be used as a shape parameter or the width at two or more heights can be used 
for two different shape parameter (the same can be said for some of the other shape 

.5 parameters as well). B, addition, although the temr wafer was used throughout (e.g.. 
Lniconduc.or).itshouldbenotedthat,hetennwafermayalsoapplytoworkp^ 
substrates, samples and the like (which are associated with other types of manufactunng) 
when the methods of the invention are used in other types of manufactunng. ^ 
Furthermore, it should be appr^iated that the shape parameters are not limited to those 

.„ describedherein.andmaybewidelyvariedtherefton. For example, shape parameter 

^ch as cross sectional area, volume, and the like may be used. It should also be no,«i 
there are many alternative ways of implementing the methods and apparat^ of the 

presem invention. For example, although the invention has been de^ribed in terms of 
photoUthography that uses conventional radiation techniques, it should noted that other 
« Uthography techniques may also be used, for example, UV lititography (which uses ultra 
violet). X-ray Utirography (which uses X-ray), e-beam Uthography (which uses electro, 
beam), and ion beam (which uses ion beam). 

Furthermore. ti« shape information (that are obtained via scatterometry. for 
30 example) ftom multiple measurement sites (nominaUy identical) in a stepper or scanner 
^posure field can also be analyzed to determine the imperfections or optical aberrations 
of the stepper lens system. TOs information can be used to adjust or repair the stepper 
lens system, to choose optimum stepper operating parameters to minimize the negative 
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impact of the optical aberrations, or to monitor the stabiUty of the stepper lens system. 
One method would convert the shape information for each measurement location to an 
effective focus error value at that measurement location (focal plan deviation). Another 
method would detennine the best focus for each measurement location in the field by 
measuring a focus exposure matrix wafer at multiple sites in the field, These focal plane 
deviations then could be analyzed to determine the optical aberrations generally termed 
spherical aberration, coma, astigmatism, curvature of field, and distortion. The most 
common descriptions of optical aberrations are Seidel aberrations and Zemilce 
polynomials. 

The scatterometry measurements can also be performed on measurements targets 
or measurement areas generated with different target orientations (vertical versus 
horizontal or any angle of the target symmetry axis), or stepper optical settings such as 
varying numerical aperture, coherence, illxmiination conditions, etc. to separate the 
contributions of different aberrations or different Zemike terms. The scatterometry shape 
information firom multiple target types differing in pitch, orientation, element shape or 
size, etc may also be combined to determine flie optical aberrations. 

Some aberrations, including coma may also create asymmetry in the resist profile 
resulting in a profile that may be better described as a "tilted trapezoid" with a "central 
line" that is not normal to the wafer surface. The angle of this central line is another 
shape parameter that may be used to determine the aberrations of the system. The 
average sidewall angle or the difference between the sidewall angles on the left and right 
sides of the line may also be used to determine the aberrations. 

Scatterometry measurement masks features can also be designed to be more 
sensitive for specific aberrations. The resist line widths of the left and right lines (or top 
and bottom lines) printed with a 2-bar target are commonly measured with CD-SEMs to 
evaluate coma aberrations, (Reference: M. Moers, et al, SPIE Optical MicroUthography 
XIV, Vol 4346 p. 1379, (2001)), A scatterometry measurement target caii be constructed 
of repeating units of a 2 bar target (left line denoted A, right line denoted B, with space S 
between the lines A and B of the unit cell) distributed on a pitch P. The pitch P should be 
as large as is practical for tiie scatterometry measurement system. Scatterometry 
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„easv^entscanbeperfon.edon*.3C.«eron,e«y2-b3r.argc.tcde,^ 

for «>e Unes A a:«. B. One _ of the effec. of *e a^s could be 
L difference of *e wid*s cf 4e Unes A and B, W(A) - W(B) or «.e normal^ 
difference. ((W(A>W(B)y((W(A>HW(B)). f 

aberraUons eould be fl.e difference in *e heights of *e lines A and B H(A) - H(B) or *e 
normally difference ((H(A>H(B)y((H(AWH(B)). ll.e shape infor^aUcn de—d 
fto.scaneron.e^yrneasn^.en.forn.nl.p.en.easn.n.enuoca.0^^^^ 

scanner field is *en evaluated io detennine fl« aberrations. I. . use&l to compa^ *e 
Loured shape p—«i*resis.profUescalcnla.edwitt>U«,osraphysun^^^^ 

software that can include the effects of aberrations in the simulahon. 

Moreover, the scattercmetty measurement sites may be widely --^J'^ 
e,^ple Fig. 14 isasimplified top View diagram ofascatterometrytarget^may 
^ . c^termine the optical aberrations of a lithographic system, i.e.. the aberration 
, Cettsensitivetocertainaberrations. As shown, the abe^ation t^get 400 mc.d. a 
JL.yofunits402tiu.repea.a.intervalsofpi.ch404. TTte umts 402 are onned by 

L linl or bars 406. 408 ti«t are sepa«.ed by a space S. Fig. 15 is a stmphfied top 
"ewofascat.erometiy.arget4.0,hatmaybeusedt„detern^ti.eproc.spar— 

oropticalaberrationsofaU.hographicsys.en. As shown, tire scatterome^y targe. 410 
,0 includes an array of rectangular line segments 412. This W= of pa«em ts sometimes 
^ferredtoasachecteboardpattem. The line lengti», line widti^ and spacmgs 
ti>ereb.weeninthexandydixectionsmaybewidelyvaried.In«.eill— 

Ibodimen, tire linewidtir is equal ,o d. ti.e Une length is e^ual to 2d and ti.e spacmg rs 
eHtod. Lomecases.ti>edimensiondise,ualtotiredesignruleoftirefeatines.ze. 

Fig 16isashnpliliedtopviewofascatterometrytarge.420ti«.maybeus«lto 
determine ti.eprocessparame.ers ox optical aberrations ofaUAographicsyst^n. AS 

shown, the seat^rometiy ti.rge. 420 includes a staggered array 

segmen«422. Tins type of patiem is sometimes refer^ to as a br,ckwall pa..em. Ti. 
3, lin7lengti.s. Ime widti«. and spadngs fl.erebr»een in *e x and y directions may be 
lely^ed. The amount of s.ggerbetwe» columns in ti.ey direction may also be 
lely varied. In tire iUustiated embodiment. ti.e linewidti. is equal to d ti.e Ime lengti. 
Jal to 2d and ti,e spacing is equal to d. Furtitermore. ti.e amount of stagger for each 
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adjacent row 424 is equal to d. In some cases, the dimension d is equal to the design rule 
of the featui-e size. Fig. 1 7 is a simplified top view of a scatteromelry target 430 that 
may be used to determine the process parameters or optical abeirations of a lithographic 
system. The scatterometiy target 430 in Fig. 17 is similar the target shown in Fig. 16 in 
that it includes a staggered array of rectangular line segments 432 (e.g., brickwaU 
pattern). However, in this embodiment, the Imes 432 are interspersed. Px and Py are the 
pattern pitch in the x and y directions, respectively, Sx and Sy are the line spacing in the 
X and y directions, L is the line segment length, and A, B and C are the widths of the line 
segment measured at different locations along the length of the element. The line length 
and spacings in x and y directions may be different than those shown in the example. 

Other targets similar to those described herein may be found in the foUowing 
references: J. van Schoot, et al, SPIE Optical MicroUthogiaphy XTV, Vol 4346, p. 229, 
(2001); S. Verhaegen, et al, SPIE Optical Microlithography XIV, Vol 4346, p. 368, 
(2001); M. Moers, et al, SPIE Optical IVCciolithography XIV, Vol 4346 p. 1379, (2001), 
all of which are incorporated herein by reference. 



as 



It is therefore intended that the foUowmg appended claims be interpreted ; 
including all such alterations, permutations, and equivalents as fall within the true spirit 
and scope of the present invention. 
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WItat is claimed is: 

1 . A mcftod for detemMng process parameter se«mgs of a photoUAograpbio 
system, the method comptising: .^.hth. 

correlating the values of a fim set of one or more shape parameters «.th 4e 
values of a firs, set of one or more process parameters to p«.duce dependenctcs; 

detemuntag die values of a second set of one or more shape parameters 
associated with one or more structures; and 

detemuning the values of a second set of one or more proc^ paranxeters 
.^elated v.i.h forming the one or more structures by comparing the second set of one or 
more shape parameters vrith the correlated dependences. 

2. Tl^methodasrecitedinclaimlwhereinmulUpleshapeparametersare 
15 correlated With multiple process parameters. 

3. The method as recited in dam. 2 wherein ,h. process parameters are focus and 

exposure. 

,0 4 Tl^emethodasrecitedinclaimZwhereintheprocessparametersareselected 
6om line width, height, side waU angle, top profile, hottom profile, or resist loss. 

5 Tiemed^odasrecitedinclaimlwhereinthevaluesoftheoneormoreprocess 
parameters associated with forming the one or more strucmres are determined 

25 simultaneously. 

6 -rhemethodastecitedinclaimlwhereinthecorrelateddependenciesare 

^ p;oduced using Uthographlc simulation methods or Uthographic measurement methods. 

3„ 7. TKemethodasr^itedmclaimlwhereinthevaluesofthefirstsetofshape 
parameters are derived from scatterometiy measurements 
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8. The method as recited in claim 1 wherein the values of the second set of shape 
parameters are derived from scatterometry measvirements. 

9. The method as recited in claim 1 wherein the structures are printed on a 
5 production wafer. 

10. The method as recited in claim 1 wherein a single shape parameter of the second 
set of one or more shape parameters is used to solve for a single process parameter of the 
second set of one or more process parameters. 



10 



15 



11. The method as recited in claim 1 wherein more than one shape parameters of the 
second set of one or more shape parameters are used to simultaneously solve for a single 
process parameter of the second set of one or more process parameters. 

12. The method as recited in claim 1 wherein two or more shape parameters of the 
second set of one or more shape parameters are used to simultaneously solve for two- 
different process parameters of the second set of one or more process parameters. 

13. The method as recited in claim 12 wherein the values of the second set of shape 
20 parameters are determined via scatterometry measurements. 

14. A method for determining the optimal processing conditions for a Uthographic 
system, the method comprising: 

measuring scatterometry measurement sites on a focus exposure matrix wafer 
25 using a scatterometry system; 

interpreting the scatterometry measurements into shape parameter information 
associated with the scatterometry measurement sites; 

determining focus exposure dependencies of shape parameters using the shape 
information; and 

determining the optimum focus and exposure for the lithographic system from the 
focus exposure dependencies of shape parameters. 



30 
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15 tto method as recited in claim 14 wherein Are scatterometry measurement sites 
are fonned using a different combination of fccns and exposure. 

,6 T„e method as rec«ed in claim 14 wherein interpreting the scattemmetn. 
s mcas— ts is performed using iterative regression techniques or Ubrary matchmg 
techniques- 

17 -fte method as recited in claim 14 wherein interp^tingthescanerometry 
Leasurementsisperformedusingitera.iver^siontectai<,uesandUhraryma.chmg 

10 techiuques. 

,g. T^cmedrodasrecitedincIaimMwhereintbefocusexposuredepcndenciesof 
shape parameters are in the form of an equation. 
,5 19. T^emethcdasr^tedinclaimUwhereinthefocusexposuredependenciesof 
shape parameters are in the form of a Bossung Plot. 

20 method as recited in claim 14 wherein the optimum focus and exposure for 

the Uthographic system are determined by overlapping Bossung Plots. 



20 



25 
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2, A„e.hod„ffocusexposuremoni.oringofaUthograplncsys,em,comprising: 
^easuringscatterometrymeasurementsitesonaproductortest^aferusmga 

— Z:r«;esca..erom e^me— sin.oshapeparame.erinforma.ion 
associated with ftescatterometry measurement sites; and 

determining the focus and exposure values used«> process the test or product 
.aferbrma.ching-shapeparame.rinformaUon«i.hfocusexposurede^^^ 

22 The method as recited in claim 21 further comprising: 

Lminingthefocusexposurecorrectionrequiredtooptimizethehtho^hrc 

systemtnipa^^^---^---^---"^"""'""^"""^'"" 
exposure values ofthe lithographic system; and 

inputting the focus exposure correcdon into the Hthographrc system 

- 42 - 
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23. The method as recited in claim 21 wherein the focus exposure dependencies are 
formed by the method comprising: 

measuring scatterometry measurement sites on a focus exposure matrix wafer 
using a scatterometry system; 

interpreting the scatterometry measurements into shape parameter information 
associated with the scatterometry measurement sites; and 

determining focus exposure dependencies of shape parameters using the shape 
information. 

24. The method as recited in claim 21 wherein the shape parameter inforaiation is 
interpreted jfrom two or more different scatterometry measurement sites. 

25. The method as recited in claim 24 wherein the scatterometry sites dififer in shape, 
pitch, mask constmction, position or orientation. 

26. A method for determining process parameter settings of a photolithographic 
system, the method comprising: 

correlating the values of a first set of two or more shape parameters with the 
values of a first set of one or more process parameters to produce dependencies, the 
values of the first set of two or more shape parameters being deteraiined via 
scatterometry measurement techniques; 

determining the values of a second set of two or more shape parameters 
associated with one or more structures via scatterometry measurement techniques; and 

determining the values of a second set of one or more process parameters 
associated with forming the one or more structures by comparing the second set of two 
or more shape parameters with the correlated dependencies. 

27. The method as recited m claim 26 wherein the first set of one or more process 
parameters corresponds to a first set of two or more process parameters, wherein the 
second set of one or more process parameters corresponds to a second set of two or more 
process parameters, and wherein the values of the second set of two or more process 
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p^e..rs^de.enm>.ds™u..aneouslyb,comparinga« second set of two or»or^ 
shape parameters with the oonelated dependencies. 

28 Themethodasrecitedinclaim26ftrthercompiising: 

detemnniBg the focus exposure correction re,nired to op.in,ize .he l^ogtaph.^ 
,.en.b,con>paring.hedetern^edfocnsande.posnrevaiuestothenon^focusan^ 

exDOSure values of the Uthographic system; 

inpu«ing the fccns exposure correcUon into the Umographic systen.; and 
producing wafers with the corrected focus exposure values. 

' 29. Ame.hodfordeternuning.heoptin»labcrra.ionsforali.hographicsysten.the 

'""'"::^~e.r,.easuren.en.sites..uiUpie.ocati^^ 

«..nner field on a focus exposure matrix wafer using a scatterometry system; 
3 ^t^Lg^escaLmetrymeasurementsintoshapeparameterinformatron 

associated with the scatterometry measurement sites; . ^ ^ ^ 

^Lnining focus exposure dependencies of shape parameters usmg .he shape 

"2:lg««op.imumfocu.andexposureformu..p.e.ocationsinthe«^^^^ 
.„ «>e U^ographic sys«m ftom ^ focus exposure dependencies of shape parameters, ^d 

optical aberrations of to lithography system. 

30. A method for deU=m>ining to optica, aberrations of a pho«,Uthographie system. 

9S the method comprising: vu 

correlating to values of a first set of two or more shape paramet^ w,th to 

values ofafirst set of one or more process parameters to p™ducedepend^e.es.to 

^ values of to firs, set of two or more shape parameters being detenmned via 

scatterometty measurement techniques; 

determiningtovaluesofasecondsetoftwoormoreshapeparameters 

associa.edwithmultiplestiucti^intoUtographicfieldviasca,.erome..y 
measurement techniques; 
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determining the values of a second set of one or more process parameters 
associated with forming the one or more structures by comparing the second set of two 
or more shape parameters with the correlated dependencies; and 

determining the optical aberrations from the lithographic process parameters 
5 determined for the multiple scatterometry measurement sites in the Uthographic field. 

31. The method as recited in claim 30 wherein the process parameters correspond to 
focus, numerical aperture, illumination, or coherence. 

10 32. The method as recited in claim 30 wherein the shape parameter information is 
interpreted from two or more different scatterometry measurement sites and wherein the 
scatterometry sites differ in shape, pitch, mask construction, position or orientation. 

33. The method as recited in claim 30 wherein the determined optical aberrations are 
i used to accept or reject a lithographic system for qualification. 

34. The method as recited in claim 30 wherein the determined optical aberrations are 
used to determine optimum settings of the lithographic system so as to minimize the 
negative effects of the optical aberrations. 

35. The method as recited in claim 30 wherein the determined optical aberrations are 
used to determine corrections to the lens configuration including lens orientation or 
clocking in order to optimize the lithographic system and to minimize the negative 
effects of the optical aberrations. 



36. The method as recited in claim 30 wherein the determined optical aberrations 
used to determine corrections to the lens design in order to optimize the lithographii 
system and to minimize the negative effects of the optical aberrations. 



are 

c 



37. The metiiod as recited in claim 30 wherein the determined optical aberrations 
used to determine corrections to the lens manufacturing process to optimize tiie 
lithographic system and to minimize the negative effects of tiie optical aberrations. 



are 
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-n>.„e*odasreci.ediac.ain,30wherein*edeun„inedopUoalab«raao„s ^ 
^ .„ de.en.ine a.c n»sk design including teatu. orie„.«on or mas. fea^re 
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parameters 



so as to mi»nuze 4e negative effect of the optical aberrauons. 



5 



3,. An.e.hodfotde.nniningtheopdcalaberrationsofapho.„Uthographios.stem. 

"^""^::a:uesofatits.setoft.oot.no.sbapepata„^«i-- 
.et„ffor^Luestoptoducedependencies..heva,„esof«tefitstsc.of.«ootn.ote 

^7etennining,b.val.esofaseco„dsetof.«ootn,oteshapepat«.^ 
associated^ithtnultiple s,n.ctutesin.he U^ograpMc field via sca««o.et^ 
"^I^ndseto^ocusvaluesassoctatedwith — theoneot.^ 

deviations. 

'° 40 Then,e*odastecitediBclain.40wh«eind>eshapepaxan«^inforn«^^ 
lp.~».woot.o.diffe.ntsoane««e.^--d^e^^ 
:^o»e.^sitesdiffetinsbape.pitch.n«s.— tio^posmonotonenta.^^^^ 

„ 41 T1.e»etbodasteci.edinclaint40whetein.hede.enninedop.icalabe„a.ionsa« 
' used to accept or reject a UthograpUe system for qualification. 

^„e.hodasrecitedinc.aim40«herein.hedetem,inedopticalabe,^.io^ are 
ltodetern^optintun,se.«ngsoftBeU.hographiesys.entsoas.om^«>e 

30 negative effects ofthe optical aberrations. 

4, ^e.nethodasr»i.edinc.ai.40«herei„fhedete.n^«iop.ic=a*J^^«^ are 
lltodetenninecorrectionsto.he,ensconfigura.ionincludinglensonentat.onor 
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clocking in order to optimize the lithographic system and to minimize the negative 
effects of the optical aberrations. 



44. The method as recited in claim 40 wherein the determined optical aberrations 
used to determine corrections to the lens design in order to optimize Hie Uthographi. 
system and to minimize the negative effects of the optical aberrations. 



are 

c 



45. The method as recited in claun 40 wherein the determined optical aberrations are 
used to determine corrections to the lens manufacturing process to optimize the 
lithographic system and to minimize the negative effects of the optical aberrations. 

46. The method as recited in claim 40 wherein the determined optical aberrations are 
used to determine the mask design including feature orientation or mask feature 
parameters so as to minimize the negative effects of the optical aberrations. 

47. A method for determining the optical aberrations of a photolithographic system, 
the method comprising: 

correlating the values of a first set of two or more shape parameters with the 
focus of the lithographic system values of a first set of one or more process parameters to 
produce dependencies, the values of the first set of two or more shape parameters being 
determined via scatterometry measurement techniques; 

determining the values of a second set of two or more shape parameters 
associated with multiple structures in the lithographic field via scatterometry 
measurement techniques; 

determining the focus values associated with forming the one or more structures 
at multiple locations in the lithographic field by comparing the second set of two or more 
shape parameters with the correlated dependencies; and 

determining the optical aberrations firom the focal plan deviations detennined for 
the multiple scatterometry measurement sites m the lithographic field. 
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